We have identified a role for two evolutionarily related, secreted metalloproteases of the ADAMTS family, ADAMTS20 and ADAMTS9, in palatogenesis. Adamts20 mutations cause the mouse white-spotting mutant belted (bt), whereas Adamts9 is essential for survival beyond 7.5 days gestation (E7.5). Functional overlap of Adamts9 with Adamts20 was identified using Adamts9 +/-;bt/bt mice, which have a fully penetrant cleft palate. Palate closure was delayed, although eventually completed, in both Adamts9 +/-;bt/+ and bt/bt mice, demonstrating cooperation of these genes. Adamts20 is expressed in palatal mesenchyme, whereas Adamts9 is expressed exclusively in palate microvascular endothelium. Palatal shelves isolated from Adamts9
INTRODUCTION
Closure of the secondary palate (palatogenesis) separates the oral and nasal cavities, permitting compartmentalization of digestive and respiratory processes. Failure of palatogenesis leads to cleft palate, one of the commonest human developmental malformations (Cox, 2004) . Although cleft palate can occur as an isolated phenomenon in humans, it is frequently associated with cleft lip or other anomalies (Cox, 2004) . Palatogenesis results from complex interactions involving pharyngeal ectoderm (palatal epithelium) and mesenchyme derived primarily from craniofacial neural crest cells (NCCs) (Dudas et al., 2007; Kaufman, 1992) . During mouse embryogenesis, the secondary palate develops from two sagittally oriented palatal shelves that arise from the maxillary primordia and project inferiorly on each side of the tongue at 12.5 days of gestation (E12.5). They undergo elevation to a horizontal plane at E13.5-14 and grow rapidly towards each other to meet in the midline at E14.5-E15. Upon contact, the medial edge epithelium overlying the apposed surfaces undergoes apoptosis or epithelialmesenchymal transformation, resulting in the formation of a seamless bridge of mesenchyme by E16 (Dudas et al., 2007) , within which the palatine bone forms.
Although only a few single gene mutations causing cleft palate have been described in humans (Cox, 2004; Jugessur and Murray, 2005) , the inactivation of several mouse genes has led to cleft palate and identified key regulatory pathways in palatogenesis (Murray and Schutte, 2004) . Inherited cleft palate in mice is always recessive, as a complete cleft of the secondary palate is incompatible with survival. Mouse genetics has clearly demonstrated how signaling by members of the TGF superfamily (Proetzel et al., 1995; Taya et al., 1999) , FGFs (Rice et al., 2004; Trokovic et al., 2003) , PDGFs (Ding et al., 2004) and EGF receptor ligands (Miettinen et al., 1999) mediates epithelial-mesenchymal interactions that drive palatal morphogenesis. In particular, midline fusion of the apposed medial epithelial edge of the palatal shelves is specifically dependent on TGF3 and its downstream signaling pathways (Dudas et al., 2004a; Taya et al., 1999) . Extensive extracellular matrix (ECM) remodeling during palatogenesis and experimental evidence using metalloprotease inhibitors support a role for metalloproteases in palatogenesis (Blavier et al., 2001; Brown et al., 2002) . However, there is only one prior report of metalloprotease mutations causing cleft palate. Combinatorial deletion of Mmp14 and Mmp16, which encode transmembrane proteases, leads to severe craniofacial dysmorphism and extensive skeletal anomalies, with cleft palate observed in 80% of double-null embryos (Shi et al., 2008) . These defects were attributed to diminished turnover of the ECM protein collagen I, and cleft palate could be attributed, at least in part, to the global craniofacial anomalies (Shi et al., 2008) , rather than to an exclusive and specific interference with palatal shelves.
Here, we provide unequivocal genetic evidence that two members of the ADAMTS (a disintegrin-like and metalloprotease domain with thrombospondin type 1 motif) protease family, ADAMTS9 and ADAMTS20, act locally in palate closure and cooperate in proteolysis of versican (VCAN), an abundant, large aggregating proteoglycan found in association with hyaluronan in ECM. Combinatorial genetic evidence using mice lacking these ADAMTS genes and a mouse Vcan mutant strongly suggests that defective versican proteolysis is the definitive mechanism underlying the observed cleft palate phenotype. The data further suggest that ADAMTS9 and ADAMTS20 are not required solely for versican clearance, but that they might generate versican proteolytic products that influence palate mesenchyme proliferation.
ADAMTS designates a family of secreted metalloproteases that contain thrombospondin type 1 repeats (TSRs). Of the 19 mammalian ADAMTS proteases, some are of relatively recent evolutionary origin (Huxley-Jones et al., 2005) and may have highly specialized functions (Apte, 2009 ). ADAMTS9 and ADAMTS20 are the only mammalian ADAMTS with a closely related non-chordate ortholog, named gon-1 in the nematode C. elegans, and are presumed to have arisen by duplication and continued evolution of a shared ancestral gene. gon-1 has an essential role in cell migration during morphogenesis of the nematode gonad (Blelloch and Kimble, 1999) . Notable conserved features of GON-1, ADAMTS9 and ADAMTS20 include numerous TSRs (18 in GON-1 and 15 in ADAMTS9 and ADAMTS20) and a unique C-terminal domain (Llamazares et al., 2003; Somerville et al., 2003) . gon-1 mutants are partially rescued by ADAMTS9 (Hesselson et al., 2004) , suggesting that their proteolytic mechanism is conserved. Although ADAMTS9 lacks a membrane anchor, it binds to the cell surface (Somerville et al., 2003) , where it is proteolytically active (Koo et al., 2006; Koo et al., 2007) . Thus, it is likely to be involved in cell surface or pericellular ECM proteolysis. ADAMTS9 and ADAMTS20 belong to an ADAMTS subgroup termed the proteoglycanases that includes ADAMTS1, ADAMTS4 and ADAMTS5, the ability of which to cleave large, aggregating proteoglycans, such as versican and aggrecan, is crucial in physiological and disease processes (Apte, 2009) .
Adamts20 is mutated in the recessive mouse white-spotting mutant belted (bt), which has an unpigmented belt on the lumbar torso (Rao et al., 2003) . Adamts20 promotes melanoblast survival (Silver, 2008) and is expressed by dermal mesenchymal cells (Rao et al., 2003) . However, the expression of Adamts20 in craniofacial mesenchyme (K. A. Jungers and S.S.A., unpublished) suggests additional developmental roles. Adamts9 is widely expressed during embryogenesis and -of relevance to the present investigation -its mRNA is found in craniofacial mesoderm and in microvascular endothelial cells of the embryo and adult organs (Jungers et al., 2005; Koo et al., 2010) . Recent work suggests that Adamts9 might be anti-angiogenic in adult microvascular endothelial cells (Koo et al., 2010) . We considered the possibility that mice lacking both ADAMTS9 and ADAMTS20 would show novel defects. Although Adamts9 -/-mice do not survive beyond E7.5, we used them to obtain genetic evidence of cooperation with Adamts20 in closure of the secondary palate and we investigated the underlying mechanisms to identify a novel pathway operational in palatogenesis.
MATERIALS AND METHODS

Mouse strains and genotyping
All mouse work was performed under a protocol approved by the Cleveland Clinic Institutional Animal Care and Use Committee.
Adamts9
lacZ/+ mice (referred to here as Adamts9
), bt bei mice (referred to here as bt) and the Vcan mutant heart defect (hdf, referred to as Vcan hdf ), as well as null alleles of Adamts4 and Adamts5 and their genotyping protocols have been described previously (McCulloch et al., 2009a; McCulloch et al., 2009b; Rao et al., 2003; Silver, 2008) . All mice were extensively crossed into the C57Bl/6 strain. Bmp4 and Pdgfra mutant mice in C57Bl/6 were kindly provided by Dr Jan Christian (Oregon Health and Science University, Portland, OR, USA) and Dr Phillipe Soriano (Mount Sinai Medical Center, NY, USA), respectively. For timed pregnancies the date of the vaginal plug was designated E0.5. All analyses were performed using littermate controls of the appropriate genotype. In the crosses that were used to obtain Adamts9 +/-;bt/bt mice, it was not possible to obtain wild-type littermates; instead, littermates having the most appropriate alternative genotype (bt/+) were used as controls.
Micro-computed tomography (mCT) analysis and scanning electron microscopy (SEM)
Newborn mice were fixed in 10% buffered formalin for 48 hours and transferred to 70% ethanol. mCT scanning of the skull was performed as previously described (Le Goff et al., 2006) . For SEM, the lower jaw was removed, the heads were fixed, sputter-coated with gold and viewed from the inferior aspect by SEM as previously described (Oblander et al., 2005) . At least five newborn mice encompassing all the illustrated genotypes were examined by mCT and two litters of embryos representing the various genotypes were analyzed by SEM.
Histology, immunohistochemistry (IHC), -gal histochemistry and in situ hybridization (ISH)
Embryos were fixed in 4% paraformaldehyde (PFA) for durations appropriate to their gestational stage, followed by embedding in paraffin and Hematoxylin and Eosin (H&E) staining. Over 20 mice of each genotype (Adamts9 +/-;bt/bt and bt/+) were examined histologically at E13.5 and E14.5. pSmad2/3 immunohistochemistry of palatal shelves was performed with a polyclonal antibody (no. 3101, Cell Signaling Technology, Danvers, MA, USA) using an indirect immunoperoxidase method. Prior to pSmad2/3 staining, the sections were pretreated with 10 mM sodium citrate buffer (pH 6.0) for 10 minutes at 95°C. Cleavage of the ADAMTS-processed Glu 441 -Ala 442 peptide bond in versican (V1 splice isoform enumeration) was detected by immunofluorescence staining using a neo-epitope antibody that specifically detects versican cleaved at this site but not intact versican (Affinity BioReagents, Golden, CO, USA) (Sandy et al., 2001) , and an Alexa 488-labeled secondary antibody. For immunofluorescence, four mice of each of the Adamts9 +/-;bt/bt and control (bt/+) genotypes were analyzed at each time point (E13.5 and E14.5), with consistent results.
For cell proliferation analysis, the phospho-histone H3 antibody (antipH3; Upstate Biotechnology-Millipore, Billerica, MA, USA) was applied using an indirect immunoperoxidase method. The proliferation index in palatal shelf mesenchyme was quantified by counting at least 500 nuclei in sections from five mice each of the Adamts9 +/-;bt/bt and control (bt/+) genotypes at each time point (E13.5 and E14.5), using four sections from each mouse. Cell density within the mesenchymal component of the palate was quantified from photographic images of the shelves by overlaying them with a counting grid in the center of the palatal shelf (the area of interest is indicated in Fig. 4C ), which consistently showed a difference between Adamts9 +/-;bt/bt and control (bt/+) palates. Four sections each from five embryos of each genotype at each of the two time points were used in this analysis. Statistical analysis of the quantitative data for cell proliferation and cell density was performed using an unpaired, two-tailed Student's t-test.
ISH of paraffin sections from E14.5 embryos using Adamts9 and Adamts20 35 S-UTP-labeled antisense cRNA probes was performed as previously described (Jungers et al., 2005; Rao et al., 2003) . The corresponding sense probes did not give signal above background, as previously shown (Jungers et al., 2005; Rao et al., 2003) . -gal staining of Adamts9 +/-mice followed by endomucin immunohistochemistry to identify vascular endothelium (n6) was described previously (Koo et al., 2010) .
Palatal shelf organ culture
Using a published procedure (LaGamba et al., 2005) palatal shelves were dissected from E14.5 Adamts9 +/-;bt/bt embryos (n4) and placed on the surface of a 0.9% agarose gel in DMEM/F12 supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin), with their medial edge epithelia in contact. The medium was replaced daily. After 3 days in culture, the shelves were fixed in 10% neutral-buffered formalin and examined histologically by H&E staining of coronal sections. Affigel beads (Bio-Rad, Hercules, CA, USA) were soaked for 1 hour in conditioned medium containing the previously identified N-terminal versican fragment (G1-DPEAAE 441 ) expressed in HEK293F cells. As a control, beads were soaked in conditioned medium from HEK293F cells transfected with vector alone. E13.5 Adamts9 +/-;bt/bt maxillary arches containing the palate shelves were isolated and pre-soaked beads were inserted into the palate shelves and placed onto 0.1-m pore size Nuclepore filters (Whatman, Florham Park, NJ, USA). The explants were cultured in a 24-well tissue culture dish at the air-liquid interface in 1:1 DMEM:Ham's F12, plus 0.1% FBS. Explants were incubated for 14 hours at 37°C in 5% CO 2 followed by fixation in 4% PFA and IHC using anti-pH3 on paraffin sections. ;bt/bt mice were identified shortly after birth but died within 24 hours with conspicuous aerogastria (air in the stomach), suggesting a cleft palate, but were otherwise externally normal (Fig. 1A) . A complete cleft of the secondary palate (Fig. 1B data not shown), indicating a specific functional association of ADAMTS20 with ADAMTS9, but not with ADAMTS4 or ADAMTS5 in palatogenesis. Consistent with these observations, Adamts4 and Adamts5 expression, as determined by -gal staining in knockout mice (McCulloch et al., 2009a; McCulloch et al., 2009b) , is undetectable in palatal shelves during development (McCulloch et al., 2009a ) (data not shown). Thus, of the proteoglycanase-encoding genes tested, only Adamts9 and Adamts20 participate in palatogenesis.
RESULTS
Perinatal lethality and cleft palate in
mCT analysis of newborn Adamts9
;bt/bt mice consistently demonstrated abnormal palatine and basi-sphenoid bones (Fig. 1C) , which have been previously described in mouse strains with a cleft of the secondary palate (Trokovic et al., 2003; Zhang et al., 2002) and are secondary to failed palatal closure. All other craniofacial skeletal elements were consistently present and appeared normal (Fig. 1C) . The mandibles and tongue of Adamts9 +/-;bt/bt mice were similar to those of littermates (Fig. 1C) , arguing against mechanical interference with palatal shelf elevation (Dudas et al., 2004b) .
All newborn Adamts9
+/-;bt/bt mice had horizontally inclined, unfused palatal shelves that were overlaid with an intact epithelium of normal thickness. Analysis of palatogenesis in Adamts9 +/-;bt/bt embryos from E12.5-15.5 illustrated that the palatal shelves were always formed correctly from the maxillary primordia by E13.5 ( Fig. 2A) . In Adamts9 +/-;bt/bt mice, palate shelf growth towards the midline from E14.5 onwards was always retarded, and in some Adamts9 +/-;bt/bt mice, palatal shelf elevation to the horizontal orientation was also delayed relative to the controls ( Fig. 2A) . In addition, palatal shelf sculpting (remodeling) in Adamts9 +/-;bt/bt embryos was consistently abnormal as, unlike in the other genotypes obtained, the shelves remained broad, with a rounded 4031 RESEARCH ARTICLE ADAMTS proteases and cleft palate free edge and broader base. Unlike Fgf10 and Fgfr2b deficient mice (Rice et al., 2004) , adhesion of the palatal shelves to surrounding structures was not seen in Adamts9 +/-;bt/bt mice.
Independent contributions of Adamts9 and Adamts20 to mouse palatogenesis
Comparative histology of the various genotypes between E12.5 and E15.5 suggested that the elevation and growth of the palatal shelves were also delayed in bt/bt and Adamts9 +/-;bt/+ embryos ( Fig. 2A) , although their shelves did not have the abnormal shape of Adamts9 +/-;bt/bt shelves. We used SEM to visualize the complete anterior-posterior extent of the palatal shelves. We confirmed the delay in shelf extension in Adamts9 +/-;bt/+ and bt/bt mice and, as expected, the consistently defective palatal closure in Adamts9 +/-;bt/bt mice (Fig. 2B ). The delay of shelf extension affected the anterior and posterior halves equally in the affected genotypes, unlike in several other cleft palate mutants (He et al., 2008; Yu et al., 2005; Zhang et al., 2002) . Palatal extension to the midline was delayed to a greater extent in bt/bt than in Adamts9 +/-;bt/+ mice ( Fig. 2A,B) . Despite the delay, palatogenesis was successfully completed in E15.5 Adamts9 +/-;bt/+ mice and bt/bt mice as viewed by SEM (Fig. 2B) . Adamts9 +/-;bt/+ mice survived at the predicted Mendelian frequency and did not develop cleft palate, whereas bt/bt mice were later found to have a low incidence of cleft palate (3%). These data strongly supported an independent as well as a cooperative participation of ADAMTS9 and ADAMTS20 in palatogenesis.
Palatal epithelial fusion is a TGF3-dependent metalloproteasemediated process (Blavier et al., 2001; Taya et al., 1999 ) and defects in TGF3 or its downstream signaling pathway result in a specific defect in epithelial fusion (Cui et al., 2003; Cui et al., 2005) . Phospho (p) Smad2/3 immunohistochemistry, which reports TGF receptor binding and activation of downstream Smad signaling in palatal epithelium, provided a strong nuclear signal in the prospective medial edge epithelium of Adamts9 +/-;bt/bt mice at E14.5 (which corresponds to the time point at which palatal shelves normally begin fusion) despite these palatal shelves being widely separated (see Fig. S1A in the supplementary material) . To determine whether Adamts9 +/-;bt/bt palatal shelves were fusion competent, they were dissected at E13.5 and placed with their medial edge epithelia in contact in organ culture, where they fused successfully, with disappearance of the epithelium (see Fig. S1B in the supplementary material). Thus, a deficiency of Adamts9 and Adamts20 does not impair this key pathway in palatogenesis, and the in vitro data suggest that these palatal shelves would have fused had they been able to meet in the midline.
Since a failure of NCCs to populate the branchial arches has been described as a cause of cleft palate (Trokovic et al., 2003) and Adamts9 is expressed in branchial arches (Jungers et al., 2005) , we used SEM to evaluate early branchial arch development. Externally normal branchial arches in E10.5 Adamts9 +/-;bt/bt embryos (see Fig. S2 in the supplementary material) and, subsequently, the lack of abnormalities in newborn mice in the skeletal elements originating from the branchial arches (Fig. 1C) , excluded abnormal
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Development 137 (23) branchial arch development as an underlying mechanism. Taken together with the chronological analysis of palate development from E13.5-15.5, this identified a temporally specific defect in palatal shelf growth and/or remodeling involving mesenchyme.
Adamts9 and Adamts20 mRNAs are expressed in distinct cell lineages in the palate We determined expression of Adamts9 and Adamts20 by ISH in the extending palatal shelves of non-transgenic embryos to examine whether these genes acted locally and to identify the expressing cells. At E13.5 (not shown) and E14.5 (Fig. 3A,B) , both Adamts9 and Adamts20 mRNAs were expressed in the palatal shelf mesenchyme. However, each mRNA had a distinct distribution, with Adamts9 mRNA being associated with palatal capillaries and Adamts20 being broadly expressed in mesenchyme (Fig. 3A,B) . Lineage tracing of -gal-stained Wnt1-Cre-R26R mice has demonstrated that the vast majority of palate mesenchymal cells, with the notable exception of vascular endothelium, which arises from mesoderm, are of NCC origin (Yoshida et al., 2008) . -gal staining of E13.5 and E14.5 Adamts9 +/-palatal shelves followed by endomucin immunostaining (to identify vascular endothelium) demonstrated that Adamts9 was exclusively expressed by capillary endothelium (Fig. 3C,D) . Thus, Adamts9 and Adamts20 cooperate in palatogenesis but are expressed by distinct cell populations with different embryonic origins. Visualization of palatal capillaries by endomucin immunostaining at E13.5 did not demonstrate a difference in palatal vasculature between Adamts9 +/-;bt/bt and bt/+ (control) mice (Fig. 3E,F) .
Mesenchymal cell proliferation is reduced in
Adamts9
+/-;bt/bt palatal shelves
Immunostaining for pH3, a marker for cycling cells (Hendzel et al., 1997; Yu et al., 2005) , showed a statistically significant reduction of mesenchymal proliferation at E13.5 and E14.5 (Fig. 4A,B) , the time points at which growth retardation was evident during palatogenesis in Adamts9
;bt/bt mice. We therefore attributed the reduced growth of the palatal shelves to decreased cell proliferation. Mesenchymal cell density was reduced in Adamts9 +/-;bt/bt palatal shelves compared with those of bt/+ mice (Fig. 4C) , which is consistent with reduced cell proliferation and is also suggestive of a relative excess of ECM (i.e. defective sculpting) in the mutant palatal shelves. We evaluated cell death in palatal shelves of Adamts9 +/-;bt/bt mice because melanoblast survival was previously shown to be reduced in bt/bt mice and because bt/bt;Adamts5 -/-mice have impaired apoptosis during interdigital web regression. However, few apoptotic cells were seen in palatal mesenchyme of Adamts9 +/-;bt/bt or bt/+ (control) mice (see Fig. S3 in the supplementary material), consistent with apoptosis not being a crucial feature of palatogenesis until shelf fusion (Mori et al., 1994) , nor an underlying mechanism of this cleft palate phenotype.
Versican processing is reduced in mutant palatal shelves
The relative abundance of ECM in the Adamts9 +/-;bt/bt shelves led us to investigate the role of a previously identified substrate of ADAMTS9 and ADAMTS20, versican (Silver, 2008; Somerville et al., 2003) , the proteolysis of which was recently implicated in ADAMTS developmental phenotypes, i.e. white spotting (Silver, 2008) , soft-tissue syndactyly (McCulloch et al., 2009b ) and cardiac dysmorphogenesis (Kern et al., 2007; Kern et al., 2006; Kern et al., 2010; Stankunas et al., 2008) . Versican is a highly hydrated proteoglycan that forms large complexes with hyaluronan and thus has space-filling properties. Immunostaining of versican showed it to be abundant in palatal shelf mesenchyme (Fig. 5A) . No difference in staining of intact versican was detected between Adamts9 +/-;bt/bt and bt/+ palates (Fig. 5A) . A neo-epitope antibody that specifically recognizes the cleaved Glu 441 -Ala 442 peptide bond in the versican core protein (V1 isoform enumeration), but not intact versican (Sandy et al., 2001) , demonstrated cleaved versican diffusely within wild-type and bt/+ palatal mesenchyme (Fig. 5B) . However, in Adamts9
;bt/bt mice there was a striking decrease in the staining intensity and distribution of cleaved versican in the palatal mesenchyme. Cleaved versican was primarily detected around capillaries in Adamts9 +/-;bt/bt shelves, consistent with expression of the intact Adamts9 allele in vascular endothelium and loss of ADAMTS20 in mesenchyme (Fig. 5B) . These results strongly associated the cleft palate phenotype with decreased versican processing.
Genetic interaction of Vcan with Adamts20 implies an active role for versican proteolysis in palatogenesis
To determine whether versican was merely a space-occupying substrate that needed clearance by ADAMTS proteases during palatal development (implying a passive role for versican), or whether versican proteolysis was required to facilitate mesenchymal proliferation (implying an active role for processed 4033 RESEARCH ARTICLE ADAMTS proteases and cleft palate versican), we asked whether a reduction of Vcan gene dosage would rescue delayed palatal shelf growth in bt/bt mice. The Vcan mutant heart defect (hdf) dies at E10 with severe cardiac development defects, but Vcan hdf/+ mice are viable and apparently normal (Mjaatvedt et al., 1998) .
Analysis of progeny resulting from crosses of bt/+;Vcan hdf/+ and bt/bt mice showed that 65% of bt/bt;Vcan hdf/+ mice developed cleft palate (Fig. 6A,B) , despite having intact Adamts9 alleles. By contrast, only 3% of bt/bt mice had cleft palate (Fig. 6A) . To evaluate the specificity of this genetic interaction, we crossed the Adamts9 +/-and bt/bt mice to mice with inactivated Pdgfra and Bmp4. Cleft palate has been previously described in mice lacking these genes, as a consequence of impaired palatal shelf growth (Ding et al., 2004; Liu et al., 2005; Zhang et al., 2002 ;bt/bt mice might result from interference with a novel mechanism involving versican that was operational in the palatal mesenchyme.
The cleft secondary palate in affected bt/bt;Vcan hdf/+ embryos (Fig. 6B) resulted from a similar delay in palatal shelf extension as in Adamts9 +/-:bt/bt embryos (Fig. 6C, Fig. 2A (A)Immunofluorescence microscopy of intact versican using a polyclonal antibody that recognizes the GAG- domain in the V1 and V0 isoforms shows widespread versican localization throughout the palate mesenchyme. The boxed regions are shown at higher magnification to the right. There was no discernible difference in versican localization between the two genotypes. (B)Immunofluorescence microscopy of cleaved versican (using anti-DPEAAE) illustrates its broad distribution within the growing end of the bt/+ (control) palatal shelf. There is greatly reduced staining in the intermesenchymal ECM of the Adamts9 +/-;bt/bt palatal shelf, with residual staining present only around capillaries. The boxed regions are shown at higher magnification to the right. Scale bars: 50m.
shelves ( Fig. 2A, Fig. 4A ). pH3 immunostaining demonstrated a statistically significant reduction in cell proliferation at E14.5, but not at E13.5, suggesting a similar mechanism as in Adamts9
;bt/bt mice (Fig. 7A,B) ;bt/bt mice (i.e. reduced cell density), which are expected to have normal versican production but decreased versican clearance with the deficiency of two versican-clearing proteases. Reduced versican production in bt/bt;Vcan hdf/+ shelves might well explain the lack of a difference in cell density compared with bt/+ mice because the potential accumulation of uncleaved versican could be offset by the lower production of the former. However, the higher penetrance of cleft palate in bt/bt mice with Vcan haploinsufficiency than in bt/bt mice suggested an additional, active role for proteolysed versican. Immunostaining for intact versican confirmed a reduction in versican content in the bt/bt;Vcan hdf/+ palatal shelves (Fig. 8A) , and staining for cleaved versican identified considerably weaker mesenchymal and perivascular ECM staining compared with bt/+ shelves (Fig. 8B) . The lack of ADAMTS20 is held to be responsible for the lack of intermesenchymal processed versican, and the persistence of versican processing around capillaries (Fig.  8B) is consistent with intact Adamts9 alleles in these mice.
Taken together, the findings are consistent with a model in which decreased Vcan dosage results in a reduction of the overall amount of processed versican in bt/bt;Vcan hdf/+ mice, which has 4035 RESEARCH ARTICLE ADAMTS proteases and cleft palate ;bt/bt shelves (see Fig. 2A ), and the failure to establish contact (asterisk at E16.5). Scale bar: 100m. the same end result as the absence of ADAMTS20 and reduced dosage of ADAMTS9 in Adamts9 +/-;bt/bt mice (Fig. 9 ). In this model, proteolysis of versican by ADAMTS9 (acting in endothelium) and ADAMTS20 (made by mesenchymal cells) contributes to the overall level of cleaved versican. Thus, these proteases are postulated to work cooperatively in the palatal shelf to enable mesenchymal proliferation. palates there is less cleaved versican around capillaries owing to Vcan haploinsufficiency, although Adamts9 dosage is not reduced. We propose that the amount of cleaved versican affects mesenchymal cell proliferation. In addition, the model depicts reduced cell density (i.e. the cell-to-matrix ratio) in the Adamts9 +/-;bt/bt palate, which results from both reduced clearance of versican (i.e. increased ECM) and decreased cell proliferation. Note that these models do not include the epithelium, as the observed mechanism seems to be wholly operational in mesenchyme.
is localized to mesenchyme from E13.5-14.5. Crucial developmental events that occur before or after this interval appeared to be unaffected, as the branchial arches were morphologically normal, craniofacial skeletal patterning was unaffected, and the palatal shelves formed from the maxillary shelves and could fuse in vitro. The reduced outgrowth of the palatal shelf in the Adamts9 +/-;bt/bt mutant mice resulted in part from reduced cell proliferation. A lack of sculpting of the shelves and a failure of elongation, as a likely consequence of impaired versican remodeling, are likely to be contributory factors to the failure to meet in the midline.
NCCs make a significant contribution to craniofacial mesenchyme and their interactions with ECM are believed to have a major influence on their fate (Bronner-Fraser, 1993; Francis-West et al., 1998) . By contrast, the contribution of craniofacial mesoderm, which is highly concentrated in the core of developing branchial arches, and which is the source of the branchial arch vasculature and craniofacial capillaries (Yoshida et al., 2008) , is less well appreciated. Adamts9 expression in the palatal shelves was restricted to microvascular endothelial cells, which are derived from mesoderm, whereas Adamts20 is expressed in NCC-derived mesenchyme.
The versican-rich ECM of the palatal shelves is typical of the provisional matrix present during embryogenesis. Versican has been implicated in the regulation of neural crest migration and cardiovascular development (Dutt et al., 2006; Henderson et al., 1997; Landolt et al., 1995; Perissinotto et al., 2000; Perris et al., 1996) . Splotch, a Pax3 mutant, is believed to result in part from the overexpression of versican, which results in skin pigmentation and craniofacial defects (Henderson et al., 1997) . However, once organogenesis is completed, the provisional ECM requires clearance to allow replacement by definitive ECM. ADAMTS proteases appear to be crucial for the clearance of versican in provisional ECM (Kern et al., 2007; Kern et al., 2006; Kern et al., 2010; McCulloch et al., 2009b; Stankunas et al., 2008) . However, this process, and the specific proteases involved in remodeling the versican-rich ECM, have not previously been investigated in palatogenesis.
Reduced versican proteolysis in Adamts9
;bt/bt palatal shelves, together with altered shelf sculpting and reduced cell density, strongly implicate defective versican turnover in the cleft palate. A model of gene dosage-dependent cooperative proteolysis of versican in the palate is supported by the ability of ADAMTS9 and ADAMTS20 to cleave versican (Silver, 2008; Somerville et al., 2003) , by their expression during palatal shelf extension, and by the delayed palate closure in Adamts9 +/-;bt/+ and bt/bt mice. Genetic interaction with Vcan, but not Bmp4 or Pdgfra, strongly suggests that the observed interaction with Vcan was specific. Taken together, the experimental findings suggest that Adamts9 and Adamts20 act cooperatively via versican proteolysis in a novel pathway that ensures closure of the secondary palate. This work also identifies three new candidate genes for cleft palate in humans: ADAMTS9, ADAMTS20 and VCAN.
Recently, we demonstrated that Adamts9 cooperates with Adamts5 and Adamts20 in the regression of interdigital webs, a process in which versican proteolysis has a crucial role (McCulloch et al., 2009b) . Specifically, combinatorial mutants of these genes led to soft-tissue syndactyly, and reduced versican processing was observed in the mutant webs (McCulloch et al., 2009b) . Coincidentally, versicanolysis appears to be required in palatogenesis and web regression at approximately the same gestational age (E14.5), and bt/bt;Vcan hdf/+ mice also develop softtissue syndactyly (McCulloch et al., 2009b 2009b). The present work suggests a similar bioactive function for cleaved versican, but in the maintenance of mesenchymal proliferation rather than in apoptosis. However, introduction of the G1-DPEAAE 441 versican fragment into mutant palates did not affect cell proliferation. Therefore, although the genetic evidence strongly implicates versican fragmentation in regulating cell proliferation, the precise fragment or fragments that mediate the effect remain to be identified, and it is likely that the versican core protein undergoes ADAMTS-mediated proteolysis at multiple sites.
To explain the cooperative action of three ADAMTS proteases in web regression, we previously proposed a model of cooperative versicanolysis for the generation of a critical functional threshold of a bioactive fragment (McCulloch et al., 2009b) . Versican is widely expressed during embryogenesis and in adult tissues, and versicandegrading ADAMTS proteases overlap considerably in their expression patterns, such as in the cardiovascular system. Previous work identified a significant role for ADAMTS1 and ADAMTS9 in versican processing during myocardial compaction and valvulogenesis (Kern et al., 2007; Kern et al., 2006; Kern et al., 2010; Stankunas et al., 2008) . In addition, recent work (C. Kern, personal communication) ) led to substantial rescue of the valvular defect, suggesting that the versican clearance function of ADAMTS5 is highly significant in this developmental setting. Thus, depending on the context, ADAMTS proteases may primarily mediate versican clearance or contribute to both versican clearance and the generation of bioactive versican fragments. These significant findings render it necessary to expand investigation of the biological impact of versican proteolysis by ADAMTS proteases, and to obtain additional insights into the mechanisms of versican processing.
